From an experimental and theoretical investigation of the continuity of activated sludge organic (COD), inorganic and N compounds along the link between the fully aerobic or N removal activated sludge (AS) and anaerobic digestion unit operations, it was found that the unbiodegradable particulate organics originating from the influent wastewater and generated by the activated sludge endogenous process, as determined from the response of the activated sludge system, are also unbiodegradable under anaerobic digestion conditions. This means that the activated sludge biodegradable organics that can be anaerobically digested can be calculated from the active fraction of the waste activated sludge with the well-established stoichiometric and kinetic constants in steady state and dynamic simulation models. This research shows that the mass balance-based steady state activated sludge, aerobic digestion and anaerobic digestion models provide internally consistent and externally compatible elements that can be coupled to produce plant-wide steady state and dynamic simulation WWTP models.
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Introduction
In developing steady state and dynamic simulation materials mass balance-based models for plant-wide wastewater treatment plant (WWTPs) models, the previous two papers of this series considered the biodegradability under anaerobic conditions of influent wastewater particulate organics that settle out as primary sludge, and whether this matches the biodegradablibity of these organics as determined by the aerobic activated sludge (AS) system (Wentzel et al., 2006, Part 1) , and the conservation of influent wastewater inorganic suspended solids (ISS) through the primary sludge (PS) anaerobic digester (AD), the AS system and the waste activated sludge (WAS) aerobic digester (Ekama et al., 2006, Part 2) . This paper focuses on the AS system -AD link and considers the biodegradability of the WAS organics and the fate of the influent wastewater ISS under anaerobic conditions. Two sets of literature data, viz. Gossett and Belser (1982) and Van Haandel et al. (1998a,b) and one set of author data are investigated. Only fully aerobic or N removal activated sludge systems, in which mineral precipitation under anaerobic conditions is unlikely, are considered in this paper. Anaerobic digestion of WAS with phosphorus accumulating organisms (PAOs) from enhanced biological excess phosphorus removal plants will be considered in further research. Gossett and Belser (1982) operated at 20 o C six fully aerobic 2 d retention time AS systems at 5, 10, 15, 20, 25 and 30 d sludge age, each fed a synthetic wastewater made from glucose, acetate and peptone. The WAS from each system was fed to six flow-though methanogenic (35 o C) anaerobic digesters at 15 d retention time. Once steady state conditions were achieved (> 3 sludge ages), influent and effluent COD and VSS concentrations and reactor OUR and VSS concentrations were measured on the AS systems and influent and effluent COD and VSS concentrations and methane production and gas composition were measured on the AD systems. The AS endogenous respiration rate (b H20 ) was determined in aerobic batch tests on blended sludge harvested from the AS systems and a rate of 0.0956/d was obtained. Also, batches of sludge harvested from the six ADs were placed in sealed containers and the cumulative methane production and final VSS concentration measured over a further 113 d. The COD balances in the continuous and batch ADs calculated from the data given ranged between 89 and 101% (average 95%) and 97 and 101% (average 98%) respectively. Because only the specific [SOUR, mgO/(gVSS�min)] data are given for the AS systems, the COD balances on these systems could not be checked.
Gossett and Belser (1982) data
From a combination of the Christensen and McCarty (1975) and McKinney (1962) steady state AS models (which together is identical to that of Marais and Ekama, 1976 ) and the measured b H value, the unbiodegradable fraction of the WAS (f EH ) was determined, viz. 0.317. Then with the McCarty (1974) steady state AD model in which the methane production plus AD biomass generation (which is negligible at long AD retention times) is equal to the COD removal, the theoretical and measured cumulative methane productions were equated for the long retention time batch ADs. The f EH so obtained was close to that determined from the AS systems. The continuous AD data could not be used for f EH determination because at 15 d retention time the biodegradable organics in the WAS were not all utilised. From the results, Gossett and Belser (1982) (Fig. 1) . Each AD was therefore fed WAS with a different fraction of unbiodegradable particulate organics depending on the extent of aerobic digestion before anaerobic digestion. The experimental data measured on the effluent sludges from R0 to R4 are listed in Table 1 of Ekama et al. (2006, Part 2) . The experimental data measured on the influent and effluent liquors from AD0 to AD4 are listed in Table 1 of this paper.
Determining the unbiodegradable COD fraction of WAS -Van Haandel et al. (1998a,b) data
The COD concentration and unbiodegradable particulate COD fraction (f AS'up ) calculated from the measured data in the outflow from R0 to R4 was set as input to the steady state AD model of Sötemann et al. (2005a) . Because the effluent VSS concentrations (and therefore in effect also the effluent COD concentration through the measured 1.50 COD/VSS ratio) from anaerobic digesters AD0 to AD4 were measured for each digester, the residual (non-anaerobically digested) biodegradable particulate COD concentration (S bp ) could be calculated from Eq. (25) in Sötemann et al. (2005a) such that the calculated total effluent COD concentration, which includes also unbiodegradable particulate organics and generated anaerobic biomass, matched Van Haandel et al. (1998a,b) that measured. For AD0, AD1 and AD2 realistic S bp concentrations were obtained. However, for AD3 and AD4, -ve S bp values were obtained. This indicated that the measured effluent COD concentrations for AD3 and AD4 were lower than the sum of the unbiodegradable COD concentration (obtained from the measured active fraction) and anaerobic biomass COD concentrations generated, which implied that some COD considered unbiodegradable from the active fraction was digested in AD3 and AD4. To determine how much of this unbiodegradable COD was digested in AD3 and AD4, the f AS'up of the feed WAS was decreased from the measured active fraction value so that a low positive S bp concentration (~0.05 g/) was obtained in the calculations. The f AS'up fractions so obtained for AD3 and AD4
were 0.727 and 0.786. Comparisons of the resulting AD model predicted and experimentally measured effluent COD concentrations and methane productions are shown in Figs. 2a and b respectively. The effluent COD concentrations match exactly as expected from the method of calculation. The predicted methane production has the correct slope, but is higher than that measured. The reason for the over-prediction of the methane production is because the experimental systems have lower than 100% COD mass balances -these ranged between 90 to 95%. If the AD effluent S bp is increased (effectively decreasing the WAS hydrolysis kinetic rate) so that the calculated methane production matches that measured very closely, then the total effluent COD concentration is over predicted by about 2 gCOD/, which is the approximate concentration of the missing COD (equivalent to about 0.8 /d methane - Fig. 2b ). The experimentally measured and AD model theoretically calculated unbiodegradable COD fraction (f AS,up ) of the WAS feed is shown in Fig. 2c . It can be seen that the correspondence is very good for AD0, AD1 and AD2 (i.e. 0.300, 0.449 and 0.596 respectively). This means that for these ADs, the unbiodegradable COD fraction of the WAS feed matched that measured in the R0 to R2 aerobic systems. However, the unbiodegradable COD fraction of the WAS feed determined for anaerobic digesters AD3 and AD4 were 0.727 and 0.786 compared with 0.754 and 0.847 measured in the R3 and R4 aerobic digesters. This means that in AD3, 0.754-0.727=0.027 or 2.7% and in AD4, 0.847-0.786=0.063 or 6.3% more COD was biodegradable than available from the active fraction of the R3 and R4 WAS feed. These differences are less than the error on the COD balance. It can therefore be accepted, within the accuracy of experimental measurement, that the unbiodegradable components in activated sludge remain unbiodegradable under anaerobic digestion conditions.
In their evaluation of the biodegradability of WAS, Van Haandel et al. (1998b) plotted the fraction VSS removal (or equivalently, fraction COD removal through the 1.5 mgCOD/ mgVSS ratio for the influent and effluent solids) versus the active fraction of the WAS feed measured in the aerobic systems (Fig.  3) . A straight line through the data cuts the vertical axis at 0.15 VSS removal. From this they inferred that at zero influent active fraction WAS feed, i.e. all unbiodegradable organics, 0.15 VSS removal would still take place, suggesting that 15% of the unbiodegradable activated sludge organics are biodegradable under anaerobic conditions. However, the above detailed evaluation of the data shows that the active fraction of the influent WAS calculated with the steady state AD model of Sötemann et al. (2005a) , i.e. f av = (1-f AS'up )/(1-f' EH ), calibrated to fit the AD experimental data, matches very closely the active fraction of the WAS feed determined from the aerobic systems (Fig. 3) . Interestingly, the specific hydrolysis rate constant [K H , /(gCOD biomass.d)] for the WAS was only around 1/3rd of that for a primary and humus sludge mixture and 1/10th of that for pure primary sludge (Söte-mann et al., 2005a; Ristow et al., 2005) . With such a slow hydrolysis rate, a considerable (but decreasing with decreasing influent WAS active fraction) proportion of OHO biomass remains undigested at 20 d retention time. Therefore it cannot be assumed for WAS, as can be for primary sludge, that at 20 d retention time, most of the biodegradable organics are digested when the WAS active fraction is high. Gossett and Belser (1982) found the same -their six ADs at 15 d retention time did not utilise all the biodegradable organics in the WAS because the hydrolysis rate of WAS was too slow. The fact that not all the biodegradable organics of the WAS were utilised in the ADs of Van Haandel et al. (1998b) casts some uncertainty on the outcome that the unbiodegradable part of the WAS remains unbiodegradable under AD conditions. To confirm the conclusion, the authors did their own experimental investigation (see below).
Estimating the CHON composition of WAS
Having calibrated the kinetic part of the AD model to match the calculated effluent COD concentration with that measured for AD0 to AD4, the stoichiometric and carbonate weak acid base chemistry parts of the model were used to calculate the gas composition, effluent free and saline ammonia (FSA) and alkalinity (Alk) concentrations and the digester pH. These parts of the AD model requires X, Y, Z and A in C X H Y O Z N A of the biodegradable organics of WAS to be known. To determine these four unknowns at least five measurements are required, viz. the %C, %H, %O and %N content of the VSS. The organics (VSS) and inorganics (ISS) cannot be separated before CHON elemental analysis so the TSS measurement also is required in that the %C, %H, %O and %N of the TSS are measured. Elemental analysis for %O is not usually done so this measurement is replaced by the COD and the %N can be replaced by the organic N (OrgN) obtained from the difference between the unfiltered and filtered TKN (see author data section below). From the COD, VSS, TKN and FSA measurements on the AD influent and effluent, the X and A could be determined requiring Y and Z to be set at assumed values due to the absence of elemental analysis. The X and A were calculated from the VSS and COD removals and the FSA released in the digesters. The average COD/VSS (f cv ) and N/VSS (f n ) ratios of the biodegradable particulate organics of WAS calculated in this way for AD0 to AD4 were 1.55 mgCOD/ mgVSS and 66.0 mgN/gCOD. These ratios are very close to the ratios measured directly on the influent particulate WAS, i.e. 1.50 mgCOD/mgVSS and 65.8 mgN/gCOD which are the ratios of the mixture of the biodegradable and unbiodegradable WAS organics. From the influent (mixture) and the biodegradable organics ratios, and knowing the unbiodegradable fraction of the WAS (f AS,up ) from the kinetic part of the model, the N/COD ratio of the unbiodegradable WAS organics can be calculated from a mass balance. The average N/COD ratio of the unbiodegradable particulate organics of WAS for AD0 to AD4 is 68.5 mgN/gCOD. This is very close to the biodegradable organics N/COD ratio, which is expected for WAS from the activated sludge system behaviour. Unless all the biodegradable organics of WAS are utilised in the digester, the COD/VSS ratio of the unbiodegradable particulate organics of WAS cannot be determined directly because the unbiodegradable fraction of the VSS is not known.
If the COD/VSS (f cv ), C/VSS (f c ) and N/VSS (f n ) ratios of the biodegradable organics are known, X, Y, Z and A can be calculated from Eqs. (1) to (4), i.e.
(1) AS,up unbiodegradable fraction of the WAS (f ) from the kinetic part of the model, the N/COD rati of the unbiodegradable WAS organics can be calculated from a mass balance. The averag N/COD ratio of the unbiodegradable particulate organics of WAS for AD0 to AD4 is 68. mgN/gCOD. This is very close to the biodegradable organics N/COD ratio, which is expecte for WAS from the activated sludge system behaviour. Unless all the biodegradable organics o WAS are utilized in the digester, the COD/VSS ratio of the unbiodegradable particulate organic of WAS cannot be determined directly because the unbiodegradable fraction of the VSS is no known. (1 Van Haandel et al. (1998b) (Fig. 4f, bottom right) (Fig. 4a) is closely predicted but the methane production over-predicted (Fig. 4b) . The effluent FSA (Fig. 4d) is closely predicted indicating that the N content of the WAS biodegradable organics at f ZB.N = 66.0 mgN/gCOD accepted for the biodegradable particulate organics was accurately estimated. Van Haandel et al. (1998b) did not measure the full gas flow, only the methane production. The gas composition, or partial pressure of CO 2 (p CO2 ), therefore is not known. The carbon content of the WAS therefore could not be confirmed from a carbon balance and the formula for the biodegradable particulate organics could not be refined. From C 5.67 H 7 O 2 N 0.865 , the theoretical p CO2 = 40.1% (Fig. 4c) .
Figure 4 Comparison between steady state (SS) anaerobic digestion model predicted (lines) and
The theoretically calculated alkalinity (Alk) is over-predicted (Fig. 4e) . Van Haandel et al. (1998b) -for each mol FSA generated at pH~7.0 (Eq. (27) in Sötemann et al., 2005a) . Hence, the predicted Alk can be reduced by reducing the N content of the WAS, but this would result in under-prediction of the effluent FSA concentration. It is not clear why in the experimental data, the alkalinity generation is low relative to the ammonia released. A possible explanation is that some of the ammonia groups in the WAS do not generate alkalinity when hydrolysed and released as FSA, possibly due to being present in the side chains of amino-acids (e.g. lysine); this requires further investigation. The digester pH was measured at around 7.8. This is much higher than that theoretically calculated, which is between 7.3 and 6.8 (Fig. 4f) . For the measured Alk and calculated p CO2 of 0.401, such a high measured pH does not conform to the carbonate weak acid base chemistry part of the model. If p CO2 = 0.401 is correct, then for the measured Alk, the "corrected" pH should be between 7.2 and 6.7, slightly below the theoretically calculated pH. Furthermore, increasing p CO2 (i.e. super-saturation) causes the pH to decrease so that disequilibrium through super-saturation cannot explain the high measured pHs. Possibly CO 2 loss on sampling and testing caused an increase in measured pH.
Sensitivity of partial pressure of CO 2 (p CO2 ) to sludge composition
Because the p CO2 is not known for the Van Haandel et al. (1998b) data, the sensitivity of p CO2 to the C and N content of WAS was explored theoretically and is shown in Fig. 5 . It can be seen 5 AS,up unbiodegradable fraction of the WAS (f ) from the kinetic part of the model, the N/COD ratio of the unbiodegradable WAS organics can be calculated from a mass balance. The average N/COD ratio of the unbiodegradable particulate organics of WAS for AD0 to AD4 is 68.5 mgN/gCOD. This is very close to the biodegradable organics N/COD ratio, which is expected for WAS from the activated sludge system behaviour. Unless all the biodegradable organics of WAS are utilized in the digester, the COD/VSS ratio of the unbiodegradable particulate organics of WAS cannot be determined directly because the unbiodegradable fraction of the VSS is not known. (Fig 4a) is closely predicted but the methane production over-predicted (Fig 4b) . The effluent FSA (Fig 4d) is closely predicted indicating ZB.N that the N content of the WAS biodegradable organics at f = 66.0 mgN/gCOD accepted for the biodegradable particulate organics was accurately estimated. van Haandel et al. (1998b) did not measure the full gas flow, only the methane production. The gas composition, or partial 2 CO2
pressure of CO (p ), therefore is not known. The carbon content of the WAS therefore could not be confirmed from a carbon balance and the formula for the biodegradable particulate 5.67 7 2 0.865 CO2 organics could not be refined. From C H O N , the theoretical p = 40.1% (Fig 4c) .
The theoretically calculated alkalinity (Alk) is over-predicted (Fig 4e) . van Haandel et al. The principal objective of this investigation was not AD model validation, but to establish whether or not the unbiodegradable organics in WAS under aerobic conditions remain unbiodegradable under anaerobic conditions. Within experimental error, this seems to be the case, but this needs to be confirmed by running WAS fed ADs at a very long retention time to ensure that the WAS biodegradable organics are completely digested (see author data below).
Conservation of influent (fixed) ISS in anaerobic digestion of WAS
Taking due consideration of the OHO contribution to the ISS of the influent WAS feed to AD0 to AD4, and the decrease in ISS that takes place as a result of OHO digestion, 126, 100, 88, 85 and 78% of the fixed ISS (originally present in the influent raw wastewater) was recovered in the effluent of AD0 to AD4 respectively -average 96%. The fixed ISS recovery varies considerably between AD0 and AD4 and decreases progressively as lower concentrations of OHO ISS were fed. It is unclear if this progressive decrease is caused by precipitation in the AD when fed high OHO ISS concentrations (AD0) and dissolution of fixed ISS when fed low OHO ISS concentration (AD2 to AD4). Even though the average recovery is 96%, more data are required to establish whether or not influent wastewater inorganic particulate material is conserved through ADs at WWTPs. At fullscale WWTP mixing energies in sludge treatment digesters are not as high as in small laboratory or pilot scale systems, with the result that settlement of inorganic material from the influent in the digesters often occurs. This will result in a low fixed inorganic material recovery in and a higher VSS/TSS ratio of the final sludge.
Confirming the biodegradability of WAS -author data
In order to check the conclusion above that the unbiodegradable organics in WAS remain unbiodegradable under anaerobic digester, a 15 d sludge age N removal activated sludge (AS) system was set up, the WAS of which was fed to a 60 d retention time anaerobic digestion (AD) over a period of about 150 d. The AS system was fed 15 /d raw wastewater, the COD concentration of which averaged 807 mg/. The AS reactor had a volume of 15  and was aerated intermittently (3 h on, 3 h off) for nitrification denitrification (ND). The unbiodegradable soluble and particulate COD fractions (f S'us and f S'up ) and the VSS/TSS ratio (f i ) were determined to be 0.050, 0.10 and 0.86 respectively. From the f S'us and f S'up values, the active fraction of the WAS with respect to the VSS (f av ) was calculated to be 0.395 (Marias and Ekama, 1976; WRC, 1984) . Hence, the unbiodegradable COD fraction of the WAS (f AS'up ) was 1-(1-f' EH )f av = 1-(1-0.08)0.395 = 0.637. Daily all the WAS (except that required for samples), i.e. 1 /d at ~2.5 gVSS/, was thickened 3 times to 0.33 /d and fed to a 20  anaerobic digester. The digester was operated for about two retention times (4 months) to reach steady state and thereafter was tested daily for 15 d. Additionally, daily equal masses of dried influent and effluent solids were composited and tested for C, H and N composition by elemental analysis. The average experimentally measured results are listed in Table 2 .
The measured influent COD concentration (10 714 mg/), unbiodegradable COD fraction (f AS'up = 0.637) and effluent COD concentration were set as input to the hydrolysis kinetic part of the steady state AD model of Sötemann et al. (2005a, their Eq. 25) . The residual biodegradable COD concentration (S bp ) was calculated to be very low (0.031 g/). Such a low S bp is expected for the 60d retention time. If S bp is assumed zero, the calculated f AS'up is 0.627. This is remarkably close to the f AS'up = 0.637 calculated from the AS model and confirms that the unbiodegradable organics from the AS system remain unbiodegradable in the AD systems. The theoretically calculated effluent COD concentration, COD removal and methane production are compared with the experimentally measured values in Table 2 . The effluent COD concentration and COD removal are almost equal, but the methane production is somewhat under-predicted. This is because the experimental system COD balance is 104%, whereas the AD model is based on a 100% COD balance.
Estimating the CHON composition of WAS -author data
The X, Y, Z and A values in C X H Y O Z N A of the influent solids were calculated as follows: Of the measured TSS concentration (7 867 mg/), from elemental analysis 44.5%. 7.04% and 6.02% are the concentrations of C, H and N, i.e. 3 492 mgC/, 552 mgH/ and 472 mgN/. The balance of the TSS is O and ISS, or equivalently, the balance of the measured VSS (6 755 mg/) is O, i.e. 2 163 mgO/. These four constituent concentrations give a composition relative to Y=7 of C 3.513 H 7.0 O 1.726 N 0.431 . The COD/VSS ratio of this generic WAS organic is 1.604 mgCOD/ mgVSS, which for the measured VSS concentration of 6 755 mg/ gives a COD concentration of 10 837 mgCOD/. This is 6% higher than the measured particulate COD concentration (10 217 mg/), indicating that there is an 6% error in the measurements. This error was accepted to be on the O content so the Z value was increased such that the measured and calculated COD Table 3 . From these results the COD, N and C mass balances over the AD were 104, 109 and 107% respectively. While these balances are within an acceptable range, the N balances calculated from the TKN and FSA results and the elemental analysis and FSA results are significantly different (87% and 109%) and will cause some deviation between predicted and experimental results. Accepting that the WAS biodegradable organics were completely utilised, the COD concentration removed and its elemental composition C 3.691 H 7.0 O 1.990 N 0.503 were set as input to the stoichiometric and weak acid base chemistry parts of the AD model. The results are listed in Table  2 . To give an indication of the sensitivity of the predicted results to the composition of the biodegradable organics removed, the composition of AS commonly accepted in AS models also was set as input to the AD model, i.e. C 4.80 For the measured sludge composition, the theoretically predicted and experimentally measured results correlate reasonably well. The methane gas production is underpredicted and the gas composition (%CO 2 or p CO2 ) over-predicted. Because the effluent COD concentration is closely predicted, the error of experimental COD balance manifests in the methane production -the 0.045 /d higher methane production observed experimentally almost exactly matches the 3.5% of the 103.5% COD balance. The theoretical effluent ammonia (FSA) and alkalinity concentrations are under predicted by 49 mgN/ and 127 mg/ as CaCO 3 respectively, which indicates that more ammonia was measured experimentally to be released from the digested organics than predicted theoretically. This arises from an error in the elemental analysis of the solids. If the N content of the biodegradable WAS is increased to N 0.580 (from N 0.503 ) then the effluent FSA and alkalinity concentrations are almost exactly predicted (264 mgN/ and 1 214 mg/ as CaCO 3 ). The measured TKN and FSA results were not used to calculate the influent and effluent sludge N composition because based on these measurements the N balance was only 87% whereas the N balance based on the elemental analysis and FSA results is 109%. The digester pH is under predicted (6.61 vs. 7.19). The measured pH of 7.19 does not conform to the measured alkalinity and CO 2 partial pressure results. The pH corresponding to these two measured values is 6.62, which is very close to the predicted value. For the commonly accepted WAS composition, the predicted results correlate better with the experimental results. The predicted methane gas production is unchanged. The gas composition is still under-predicted but closer to that measured. The predicted FSA and alkalinity concentrations (276 mgN/ and 1256 mg/ as CaCO 3 ) now correlate closely to the measured values (276 mgN/ and 1 207 mg/ as CaCO 3 ). The digester pH remains under predicted (6.62 vs. 7.19) . While these deviations between predicted and measured results may point to some errors in experimental results, they do not change the conclusion from the investigation, viz. that the unbiodegradable organics in WAS, as defined by the "aerobic" conditions of the AS system, remain unbiodegradable under anaerobic conditions. From an investigation into the kinetics of aerobic and anaerobic digestion of WAS, Yasui et al. (2006) reach the same conclusion.
Conservation of influent (fixed) ISS in anaerobic digestion of WAS
With regard to the ISS, from the AS model, of the 1 092 mg/ fed to the digester (Table 2) , 692 mg/ originated from the influent wastewater while 400 mg/ was contributed by the OHO biomass, viz. f iOHO f av X v = 0.15x0.395x6755 = 400 mgISS/. The OHO biomass was completely digested and therefore the expected decrease in ISS concentration is ~400 mg/. However, a decrease of only 139 mg/ was measured. Because the anaerobic biomass concentration is so low, even if an ISS/VSS content of 0.15 were ascribed to it, it would make very little difference to the calculated ISS concentration (16 mgISS/, Table 2 ). Hence experimentally, significantly more ISS (138%) exited the WWTP system in the AD effluent than entered it with the influent raw wastewater. It is possible that mineral precipitation took place, but the tests to check this were not done on the AD.
